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Abstract 

The Chandra X-ray observatory monitored the single 
cool star, AB Doradus, continuously for a period lasting 
88ksec (1.98 P rot ) in 2002 December with the LETG/HRC- 
S. The X-ray lightcurve shows significant rotational mod- 
ulation. It can be represented as having a flat level of emis- 
sion superimposed with bright flaring regions that appear 
at the same phases in both rotation cycles. Phase-binned 
O vni line profiles show centroid shifts that also repeat 
in consecutive rotation cycles. These Doppler shifts trace 
a roughly sinusoidal pattern with a a semi-amplitude of 
30±10kms _1 . By taking both the lightcurve and spectral 
diagnostics into account along with constraints on the ro- 
tational broadening of line profiles (provided by archival 
Chandra HETG FeXVH line profiles) we can construct a 
simple model of the X-ray corona. The corona can be de- 
scribed as having two components, one component is ho- 
mogeneously distributed, extending less than 1.75 R*; and 
the other consists of at least two compact emitting regions 
near the stellar surface. These compact regions account for 
16% of the X-ray emission and are likely to be located less 
than 0.4 R* above the stellar surface. 
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covering almost two rotation cycles. We find strong evi- 
dence for rotational modulation in both the spectra and 
lightcurves and use the results to develop a simple model 
for the star's X-ray emitting corona. Section 2 summarises 
the properties of the LETG X-ray lightcurve, Section 3 de- 
tails measurements of rotational modulation in the LETG 
spectra and Section 4 shows the upper limits to which 
the bulk of the X-ray emitting corona extends, as deter- 
mined using archive Chandra/HETG spectra. The main 
conclusions and a simple coronal model are presented in 
Section 5. 

2. Lightcurves: detecting rotational modulation 

The lightcurve is extracted over the short wavelength re- 
gion (1 < A < 50 A) of the dataset, using lksec bins, 
summing up both the +1 and —1 orders in order to en- 
sure effective subtraction of the X-ray background. Peri- 
odogram analyses show that there is strong evidence for 
rotational modulation, with the strongest peak occurring 
close to AB Dor's rotation period (Figure^). Given the 
width of the peak, we find that this is consistent with AB 
Dor's period. By folding the lightcurve on AB Dor's ro- 
tation period (FigureEJ) it is evident that there is a high 
level of agreement between the two consecutive rotation 
cycles. By fitting sine-curves to the lightcurves, we mea- 
sure rotational modulation at the 12% level. 



1. Introduction 

While the thermal properties of active stellar coronae are 
increasingly well-determined, we have yet to establish where 
the emitting plasma is located. As active stars cannot be 
spatially resolved at X-ray wavelengths we have to rely on 
indirect techniques to infer the distribution of coronal ma- 
terial. Grating spectra from the Chandra/LETG configu- 
ration are sufficiently resolved to measure radial velocities 
in stellar coronae (Brickhouse et al. 2001; Hoogerwerf et 
al. 2004). 

Previous studies of AB Dor data taken using ROSAT 
show evidence of rotational modulation at the 5-13% level 
(Kurster et al. 1997). We set out to study coronal struc- 
ture in the active single K0 dwarf, AB Dor (P ro t = 0.51 d, 
v e sini = 90kms~ 1 ) by analysing Chandra/hETG data 



3. Spectra: measuring centroid shifts 

The absolute wavelength scale is not important as we are 
looking for relative shifts in the positions of the line cen- 
troids as a function of rotation phase. To ensure accurate 
calibration of the wavelength positions of the strongest 
lines, Gaussians are fitted to to the line profiles (inte- 
grated over the entire 88.1 ksec exposure). Offsets between 
the centroid positions of the line profiles and the labora- 
tory wavelengths are computed and used to recalibrate 
their "zero-velocity" positions. The total exposure is di- 
vided into eight quarter rotation-phase bins and spectra 
are extracted for each of these bins. Line centroids in 
these eight sets of spectra are re-fitted using Gaussians 
in order to evaluate any Doppler shifts. Note that all the 
bins are of 11. 12 ksec length except for the last phase bin 
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Figure 1. Period analysis of the LETG lightcurve. The solid line represents the Lomb-Scargle periodogram and the 
dotted line shows the CLEAN-like analysis. Clearly the strongest peak corresponds with the stellar rotation period. 
Given the width of the strongest power peak this value is absolutely consistent with AB Dor's period. 
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Figure 2. The LETG lightcurve folded on AB Dor's rotation period (0.51 d). The ephemeris used is from Innis et al. 
(1988). Blue asterisks show the first cycle and diamonds represent the second rotation cycle. Two complete cycles are 
not obtained, causing the gap in phase coverage between phases 0.3 and 0.4 in the second cycle. 



which is slightly shorter, 10.26 ksec (as the total observa- 
tion does not cover two full rotation cycles). Because the 
dither time-scale of the spacecraft is 1087 sec, each phase 
bin consists of approximately ten dither cycles. Thus the 
centroid measurements should not be susceptible to wave- 
length deviations associated with dithering. We find that 
the Ovin 18.97A line profile can be fitted with greatest 
precision due to its relative strength and lack of blends. 
Any offsets are then measured relative to the zero- velocity 
positions (measured using the full 88.1 ksec exposure), and 
mean Doppler shifts are obtained by combining the +1 
and —1 orders. We find velocity shifts that repeat from in 
two consecutive cycles (Figure^}. 

4. Spectra: Evaluating rotational broadening 

AB Dor's photosphcric lines are substantially rotationally 
broadened (v e sin i= 90 kms -1 ). If the X-ray emitting 



corona is a diffuse shell extended out to several R» , LETG 
line profiles at long wavelengths should be significantly 
broader than profiles subject to instrumental and thermal 
broadening effects alone. Unfortunately, the LETG line 
profiles in the long wavelength, high resolution region of 
the dataset cannot be used to accurately measure rota- 
tional broadening, as the line profiles from the +1 and 
— 1 orders are inconsistent (also see Chung et al. 2004). 
We therefore use HETG spectra of AB Dor to evaluate 
rotational broadening in X-ray line profiles (and thus the 
extent of the emitting corona) . The Fe xvn line is analysed 
as it is subject to less thermal broadening than the O VIII 
line. Broadening with a v e smi of 180 kms -1 (i.e. corre- 
sponding to a corona that extends to ~2R„) produces a 
profile that is broader than the observed line (FigurcQJ. 
Further analysis indicates that the bulk of the emitting 
corona does not extend beyond 1.75 R* (see Hussain et al. 
2004 for more detail). 



0.5 1.0 1.5 2.0 

Rotation phase (cycle 16167.0 + ) 



FigureS. Velocity shifts in the line centroids of the Ovin 18.97 A profile (red squares), a sine wave is overplotted (red 
dotted line). Two consecutive phases were observed. 
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Figure 4- Evaluating rotational broadening using archive Chandr a/HETG spectra. The solid green line shows the 
observed line profiles for the +1 and — 1 orders. The green and dotted line profiles represent instrumental broadening 
convolved with and rotational broadening corresponding to v e sini = 90 km s _1 and 180 km s^ 1 respectively. 



The solid black lines represent the observed HETG 
spectra in the +1 and —1 orders respectively. The solid 
and dotted histogram line profiles show the effects of in- 
strumental, thermal and rotational broadening with v e sin i 
values of 90 and 180 km s -1 respectively. 

5. Conclusions 

Our main conclusions can be itemised as follows. 

— The X-ray lightcurve has a flat level of emission su- 
perimposed with two (or three) bright/flaring regions; 
one region lies between phases, 0.8 < <fi < 1.0 and one 



or two regions lie between 0.1 < cj> < 0.7. These bright 
flaring regions appear to repeat in both (consecutive) 
rotation cycles observed. 

— Phase-binned Ovni line profiles show centroid shifts 
that also repeat from cycle to cycle and are likely to 
be caused by one or more compact emitting regions. 
If only one region is reponsible for this modulation, 
it must be caused by a compact mid-to-high latitude 
region. 

— We measure a strong upper limit for rotational broad- 
ening using archive Chandra/HETG spectra. Taking 
instrumental and thermal broadening into account, this 
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corresponds to a coronal w e sini < 180 km s 1 (i.e. 

Rcor ^ 2 R* ) . 

A simple model of AB Dor's X-ray emitting corona con- 
sistent with the above diagnostics would have a homoge- 
neously distributed component extending less than 1.75 R» 
and/or an active region at the pole. The rotational mod- 
ulation in the lightcurve and spectra indicates the pres- 
ence of at least two compact emitting regions. Peaks in 
the lightcurve indicate that the regions are unlikely to be 
located higher than 0.4 R* above the stellar surface. 

We have shown that while we still do not have the spec- 
tral resolution at X-ray wavelengths to comprehensively 
"map" the coronae of cool stars, we can trace velocity vari- 
ations and use these to constrain the positions of emitting 
regions in the coronae of cool stars. Spectro-polarimetric 
ground-based observations of AB Dor have been carried 
out simultaneously with these Chandra observations. We 
will use Zeeman Doppler imaging techniques to map the 
surface magnetic field of AB Dor at this epoch, we will ex- 
trapolate these surface maps to produce detailed 3D coro- 
nal magnetic field and X-ray emission models. The X-ray 
emission model will be tested against the results presented 
here and will be the subject of a future paper. 
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